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Abstract—Global Navigation Satellite System Reflectometry
(GNSS-R) is becoming a widely accepted technique for Remote
Sensing. The interferometric technique (iGNSS-R) correlates the
direct signal received from a satellite and the same signal reflected
on the Earth’s surface, whereas the conventional technique
(cGNSS-R) correlates the reflected signal with a locally generated
replica of the transmitted code. As GNSS signals are received
below the noise level, this technique is extremely sensitive to
Radio Frequency Interference (RFI). The Distance Measurement
Equipment (DME), and the TACtical Air Navigation (TACAN)
systems are two radio navigation systems that transmit in the
GPS L5, and Galileo E5 bands with powers up to 3.5 kW. This
work studies in depth the impact of these systems on iGNSS-
R, and cGNSS-R instruments. This study is then applied to an
hypothetical reflectometer that will be placed in the International
Space Station (ISS): the GEROS experiment. It is shown that
the received power in space will be strong enough to degrade
the system’s performance by increasing the noise floor, but the
sea altimetry precision will still be accurate enough for scientific
studies.
Index Terms—GNSS-R, Interferometric, Radio Frequency In-
terference, DME, TACAN, RFI
I. INTRODUCTION
GLOBAL Navigation Satellite Signals (GNSS) are be-coming popular as signals of opportunity for reflec-
tometry (GNSS-R) since 1988 when it was first proposed
for scatterometry [1], and later on, in 1993 for multistatic
mesoscale altimetry [2]. Therein, the so-called Interferometric
technique (iGNSS-R) was proposed, which is based on the
cross-correlation in the delay (τ ) and Doppler frequency (ν)
domains (Delay-Doppler Map or DDM) between the direct
transmitted signal from the satellite yd, and the same signal
reflected on the Earth’s surface yr [3]:
(1)〈|Yydyr (τ, ν)|2〉= 〈
∣∣∣∣∣ 1Tc
∫ Tc
0
yd(t)y
∗
r (t−τ)e−j2piνtdt
∣∣∣∣∣
2
〉,
where Tc is the coherent integration time. Equation (1) can be
understood as the output power after correlating the signal yr
with a matched filter with an impulse response defined by yd
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for different delays and Doppler frequencies. Therefore, the
signal yd is treated as unit-less.
Later on, in 1996, it was proposed by [4] the conventional
technique (cGNSS-R), which consists on the correlation of
the reflected signal over the Earth’s surface yr against a
locally generated clean replica of the code c, achieving in
this way higher Signal-to-Noise Ratio (SNR). However, this
technique can only be used with open codes, which have
narrow bandwidths (typically 2 MHz, but up to 20 MHz), and
therefore, low precision. On the opposite side, iGNSS-R can
cross-correlate any signal (even the military M-code, with 30
MHz of bandwidth), achieving higher precision at the expense
of a reduction of the SNR.
Except GLONASS, all GNSS use Code Division Multiple
Access (CDMA) to multiplex the signals transmitted by dif-
ferent satellites, while at the same time it achieves a large
correlation gain after despreading the received signal. Despite
this, as GNSS signals are received below the noise floor they
are vulnerable to any Radio Frequency Interference (RFI). This
might become an important problem in GNSS-R, and partic-
ularly in iGNSS-R, considering that some GNSS bands are
shared with other services. In particular, the Global Positioning
System (GPS) L5 band (1,164 - 1,188 MHz), the Galileo E5
band (1,166 - 1,217 MHz), and the BeiDou B2 band (1,194
- 1,219 MHz) coexist with two radio navigation systems: a
civilian one called Distance Measurement Equipment (DME),
and a military one called TACtical Air Navigation system
(TACAN). Both systems transmit in the band from 962 MHz
to 1,213 MHz with powers reaching up to 3.5 kW [5].
The impact of radio navigation signals on GNSS navigation,
and the evaluation of several mitigation techniques have been
widely studied. The impact of several airport equipments in a
Galileo receiver has been studied in [6], and concluded that
“DME signals are the most significant interference” and that a
mitigation technique was needed to avoid the receiver to loose
tracking. It has been predicted a degradation up to 12 dB over
Europe at 12200 meters height in [7], and proposed a pulse
blanking system to overcome this problem. Navigation systems
cross-correlate the direct signal yd = d(t)+ id(t)+nd(t), and
a clean replica of the code c(t) [8]:
Yydc(τ, ν) = Ydc(τ, ν) + Yidc(τ, ν) + Yndc(τ, ν), (2)
where d is the clean GNSS received signal, i is the interference
signal, n is noise, and c is the code used to despread the GNSS
signal d. The used codes are the so-called Pseudo-Random
2Noise (PRN) sequences. These codes are robust against in-
terferences, and noise [9] because in the cross-correlation
process the power spectrum of the interference signal is spread,
and the spectral density of the interference over the GNSS
resulting band decreases. Even with this spreading effect, if
the interference is powerful enough, the terms Yic and Ync
can reduce the signal quality, even to critical levels making
impossible the use of GNSS [10]. Analogously, in the case of
cGNSS-R the code c(t) is correlated with the reflected signal
yr = r(t) + ir(t) + nr(t):
Ycyr (τ, ν) = Ycr(τ, ν) + Ycir (τ, ν) + Ycnr (τ, ν). (3)
Since the reflected signal is even weaker than the direct one,
it is expected that in GNSS-R the degradation to be much
worse than in GNSS navigation. In navigation the antenna is
pointing towards the sky, so a receiver located in an airplane
receives the DME signals attenuated from the back lobes of
the antenna. However, in reflectometry the antenna is pointing
towards the ground, so the interference is stronger as it is
received from the main beam of the antenna. Besides, the
GNSS signal is received approximately 25 dB weaker due to
the scattering process in the Earth surface [11].
In the iGNSS-R technique the direct signal yd is cross-
correlated against the reflected signal yr:
(4)
Yydyr (τ, ν) = Ydr(τ, ν) + Ydir (τ, ν) + Ydnr (τ, ν)
+ Yidr(τ, ν) + Yidir (τ, ν) + Yidnr (τ, ν)
+ Yndr(τ, ν) + Yndir (τ, ν) + Yndnr (τ, ν),
where r is the clean reflected GNSS received signal, id and
ir are the interferences received by the direct and reflected
antennas respectively, and nd and nr are the noise terms in
the direct and reflected signals respectively. Ydr is the useful
part of the DDM. In the DME case, Yidir is expected to be
the dominant term of the undesirable terms due to the high
transmitted power. The other terms both for cGNSS-R and
iGNSS-R were studied in [12], but not particularizing for any
kind of interfering signal.
This work is devoted to study the impact of the
DME/TACAN signals in cGNSS-R, and in iGNSS-R. First, the
DME/TACAN signals and their correlation properties are stud-
ied in Section II. Then, Section III shows the computation of
the DME/TACAN power that would reach a low earth orbiter,
in particular the GEROS-ISS, an interferometric reflectometer
that will be placed in the International Space Station (ISS)
[13]. Section IV shows and discusses the resulting global
maps, and evaluates the weight of each interfering term in
(3) and (4). Finally, the main conclusions are summarized in
Section V.
II. DME/TACAN SIGNALS
GPS L5, and the Galileo E5 bands (1,164 MHz - 1,217
MHz) are shared with two wide extended aerial radio navi-
gation systems: the DME (civilian), and TACAN (military),
both transmitting in the band from 962 MHz to 1,213 MHz,
divided in 1 MHz channels [5]. Both systems are based on
the time delay to determine the distance between an aircraft,
and a transponder. When a plane interrogates a station, it
transmits a sequence of pairs of pulses with an average pulse
repetition frequency of 27 pulses per second at the frequency
channel assigned to the transponder. When a pair of pulses
reaches the DME/TACAN station, it is retransmitted at a
different frequency channel after a given delay, depending on
the channel and the coding assigned to each transponder. The
distance to the station is then estimated from the elapsed time
between the transmission and the reception of the pulse t0, the
plane height, and the delay at the station tD, as illustrated in
Fig. 1.
Fig. 1: Simplified DME concept.
DME signals (see Fig. 2) consist of pairs of Gaussian pulses
of 12 µs length with the following expression:
s(t) =
(
e−
α
2 (t−∆t2 )2 + e−
α
2 (t+
∆t
2 )
2
)
· cos(2pifct+ φ) (5)
where α = 4.5 · 1011 s−2, fc is the channel frequency, and
∆t is the time separation between pulses.
Fig. 2: DME pulse shape.
The separation is determined by the operation mode, and the
coding. The operation modes, DME/N and DME/P, are used
to provide different levels of accuracy appropriate for each
flying operation. DME/N is used for on route navigation, and
has an accuracy of 370 meters. DME/P is used for precise
operations such as airport approaching (Initial Approach or
DME/P IA, with an accuracy from 370 to 85 meters), and
landing (Final Approach, or DME/P FA, with an accuracy
down to 12 meters). The codes, X and Y, allow to reuse each
frequency channel more than once. DME transponders have an
3TABLE I: DME transmitting and receiving frequencies (from
the airplane point of view).
Coding Channel Transmitting ReceivingFrequency (MHz) Frequency (MHz)
X 1 → 63 1,025 → 1,087 962 → 1,02464 → 126 1,088 → 1,150 1,151 → 1,213
Y 1 → 63 1,025 → 1,087 1,088 → 1,15064 → 126 1,088 → 1,150 1,025 → 1,087
assigned channel from among the 126 existing, and a coding.
The assigned transmitting and receiving frequencies are fixed
and can be seen in Table I. Stations using the X coding and
channels from 77 to 126 retransmit the received signals at
frequencies from 1,164 MHz to 1,213 MHz, where the L5 and
E5 bands are allocated. The time separation between pulses
for the interfering transponders is ∆t = 12 µs [5]. Airplanes
transmit out of the GNSS band (1,025 - 1,150 MHz), as well
as stations with Y coding.
According to [14]1, from a total of 4,000 DME and TACAN
stations, more than 2,500 are assigned to the 77 - 126 channels
in X mode (see Fig. 3).
Fig. 3: DME channel allocation (grey), L5 spectrum (orange)
and E5 spectrum (blue).
As it can be seen in Fig. 4, North America, Europe, and
the East Asia are the regions with the highest density of
DME/TACAN stations; therefore these regions are specially
susceptible to RFI.
A. Signal properties
DME signals retransmitted from the transponder reach the
up- and down-looking antennas of the reflectometer with a
negligible time difference (as compared to the sampling fre-
quency), with the same Doppler frequency, but with different
phase and amplitude due to the separation between antennas
and their orientation. Therefore, in interferometric reflectome-
try, if the direct and the reflected signals are sampled simulta-
neously (“non-delayed cross-correlation”), and the correlation
peak in the DDM is always centered at the origin. Figure
5 shows the Woodward Ambiguity Function (WAF) [15] of
1There are no official public world databases of Radio Navigation Aids
since the Digital Aeronautical Flight Information File (DAFIF) was closed in
2006. However, several unofficial databases have appeared, such as OurAir-
ports, which mixes multiple official regional sources in a single database.
Fig. 4: DME station’s locations [14].
a single DME pair of pulses, which is the auto-correlation
function in the delay and Doppler domain Yss(τ, ν). As it can
be seen, in the Doppler domain the main lobe is modulated
by a 1/(12 µs) ≈83 kHz frequency, with a bandwidth of ≈40
kHz for the central peak.
Fig. 5: DME Woodward Ambiguity Function (WAF).
When N signals from different transceivers are received at
the direct and reflected antennas, N cross-correlation peaks
appear at the origin of the DDM. All these signals also
correlate at 0-delay for multiple Doppler frequencies, but not
as strongly. The signals received from two different stations
have different delays and Doppler frequencies; and therefore,
N2 − N cross-correlation peaks appear spread in the DDM
plane. When several correlations are incoherently averaged, the
contributions at 0-delay are always present, but the other ones
spread along the DDM, and they are not in the same position.
Therefore, the energy of the DDM tends to concentrate along
the 0-delay as well (Fig. 6b). If the number of DME signals
present is small, the resulting DDM is almost constant for
any Doppler frequency as it can be appreciated in Fig. 6a.
However, as the number of DME pulses increases, the WAF
changes and the energy of the DDM tends to concentrate also
around the 0-Doppler. Figure 6 shows the resulting WAF after
the incoherent averaging of 50,000 simulated WAFS with (a)
1 pair of pulses present in the coherent integration time, and
(b) 10 pairs of pulses for the “non-delayed cross-correlation”
considering uniformly distributed random Delay (as will be
seen later in section II-B) and Doppler between pulses.
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Fig. 6: Resulting WAF for “non-delayed cross-correlation”
after the incoherent averaging of 50,000 simulated WAFS
considering uniformly distributed random Delay and Doppler
between pulses with (a) 1 pair of pulses present in the coherent
integration time, and (b) 10 pairs of pulses.
The higher the altitude of the GNSS reflectometer, the
longer the delay of the reflected signal as compared to the
the direct signal, so the latter has to be delayed prior to the
correlation [16] (“delayed cross-correlation”). Therefore, the
sequences of pulses in the direct and reflected signals are
different, so they do not cross-correlate at the origin of the
DDM, but are uniformly distributed over the delay axis. The
Doppler frequency difference between pulses from a same
DME station is almost zero as it changes less than 1 Hz/ms
[17], so the cross-correlation peaks between same stations are
uniformly distributed along the 0 Hz Doppler line. Moreover,
the Doppler frequency and delay between different stations
is random, so it is the position of these cross-correlation
peaks in the DDM plane. As a consequence, the WAF is
uniform in delay, and it has a bit more energy for lower
Doppler frequencies as it can be seen in Fig. 7. Increasing
the number of pulses does not affect noticeably the shape of
the DDM, except for its level that is increased, but it cannot
be appreciated due to amplitude normalization. This figure
shows the resulting WAF after the incoherent averaging of
50,000 simulated WAFS with (a) 1 pair of pulses present in
the coherent integration time, and (b) 10 pairs of pulses for the
“delayed cross-correlation” considering uniformly distributed
Delay and Doppler frequency between pulses.
The DME signals from different stations cross-correlate
between them in the DDM plane only if they are allocated in
the same frequency channel, i.e. the cross-correlation between
signal in different channels will not be considered. The DME
spectrum is 1 MHz wide, and the channels are separated by 1
(a)
(b)
Fig. 7: Resulting WAF for “delayed cross-correlation” after the
incoherent averaging of 50,000 simulated WAFS considering
uniformly distributed Delay and Doppler between pulses with
(a) 1 pair of pulses present in the coherent integration time,
and (b) 10 pairs of pulses.
MHz. The maximum Doppler of a received DME signal was
determined by simulation to be lower than ±28 kHz in the
spaceborne case. To do so, AGI STK was used to compute
the received Doppler shift in a LEO orbit from several DME
stations at different locations. The expected Doppler difference
between the received GNSS signals in the up and down-
looking antennas will no exceed ±40 kHz [17], so the DDM
does not have be computed out of this range. As consequence,
the part of the spectrum of two DME signals in adjacent
channels that could overlap has a negligible amount of power.
From (4), the average power in 1 ms after correlating two
DME signals Yii in the “delayed cross-correlation” can be
estimated as:〈
|Yidir (ν)|2
〉
=
∑
k
∑
l
P idk ·P irl · δ(fk − fl) · ηACF ·Υ(ν),
(6)
where P id,r is the average power
2 of the DME signal in 1 ms,
f is the frequency channel at which is transmitted, δ(fk − fl)
is used to only compute the power of signals allocated in the
same frequency channel, ηACF = -24,1 dB is the average value
along the delay axis of an ACF of an unitary mean power DME
signal, and Υ(ν) accounts for the effect of the spreading of
the DME WAF in the DDM plane due to the relative Doppler
between stations. Υ(ν) is calculated statistically depending on
the maximum Doppler between stations and its probability
distribution. P id,r is calculated with the DME peak power
2Recall that, following the definition in (1), yD is unitless and therefore,
Pid is unitless as well, while Pir has units of Watts.
5Pid,r , the average number of received pulses per ms N , and
the scaling factor between the DME peak power and the DME
average power in 1 ms ηDME = -24,3 dB as:
P = (P · ηDME ·N) (7)
As aforementioned, in the “non-delayed cross-correlation”
case the cross-correlation peaks between the same station are
concentrated in the 0-Delay and 0-Doppler position. Therefore,
to compute the term Yidir at 0 second Delay and 0 Hz Doppler,
equation (6) is evaluated with ηACF = 1 for the terms that
fulfill k = l, whereas the other points are computed evaluating
the equation only for k 6= l.
The rest of the noise and interfering cross-terms Ydir , Ydnr ,
Yidr, Yidnr , Yndr, Yndir , and Yndnr are estimated in a general
form as: 〈
|Ys1s2 |2
〉
= Ps1 · Ps2 · γs1s2 (8)
where s1 and s2 are the direct GNSS clean signal d, the
reflected GNSS clean signal r, the interference signal received
in the up-looking and the down-looking antennas id and ir
respectively, or the noise signals in the direct and reflected
antenna nd and nr respectively. P is the average power of the
signal in 1 ms, which in the case of DME signals is calculated
in (7).
γs1s2 is the Generalized Spectral Separation Coefficient
(GSSC) between signals s1 and s2 defined in [12] as:
γs1s2(ν, τ) = Ss1(ν, τ) ∗ ∗Ss2(ν, τ), (9)
which depends on the normalized spectrum of the signals
Ss1,2(ν) and their central frequency. The GSSC for Ydir and
Yidr is obtained from [12]. The GSSC for Yndnr is calculated
as in [12]:
γndnr (ν, τ) =
1
B · Tc , (10)
where B is the system bandwidth, and Tc the coherent
integration time.
The GSSC for Yndr, Ydnr , Yidnr , and Yndir is derived from
Fig. 8, which shows all possible cross-correlations between
the separate components of two signals composed by a GNSS
code (L5 or E5), a pair of DME pulses, and noise have been
simulated. Figure 8 shows the squared auto-correlation of the
code (L5 or E5) in blue, the squared auto-correlation of a
DME signal in red, the squared cross-correlation of the code
against the noise in magenta, the squared cross-correlation of
the DME against the code in black, and the squared cross-
correlation of the DME signal against the noise in green. For
the L5 case, all signals have 20 MHz bandwidth, while for the
E5 case they have 50 MHz. All signals have been generated
at 400 MS/s, and have unit energy. The DME signals have
been centered at 1,176.45 MHz. The figures are obtained as
the incoherent averaging of 100 realizations of noise, and 32
different PRN codes.
Figure 8 shows that the squared auto-correlation function of
the DME signal has 3 lobes, a main one and two side lobes 6
dB below. Each lobe lasts 12 µs, and are separated 12 µs. As
(a)
(b)
Fig. 8: (a) L5, DME and Noise auto and cross-correlations
and (b) E5, DME and Noise auto and cross-correlations.
a consequence, and considering the high transmitted power,
the correlation of GNSS signals might be easily masked. It
can also be noticed that the DME-PRN, and DME-noise cross-
correlations increase the noise floor, which farther degrades the
SNR. In both cases, the DME-code, and the DME-noise terms
have a similar cross-energy than the code-noise term with
unitary energy signals, but considering the high transmitted
power of the DME system, the total impact is higher; which
degrades the SNR even in navigation receivers. Figure 9 shows
the impact of having a single pair of DME pulses inside the
coherent integration time. To do so, real data was captured
with a GNSS L1/E1 and L5/E5 dual-band antenna [18], and a
Software Defined Radio [19]. The data shows the presence of
DME signals at the channel corresponding to the Barcelona
airport (12 km far from the experiment location, out of the line-
of-sight). One millisecond of data without DME pulses, and
another one with a single pair of DME pulses were selected.
The presence of a single pulse in the correlation window
implied a SNR degradation of 5 dB.
B. Traffic properties
Figure 10 shows a sample of the recorded data. The analysis
of this data shows that the time between pulses follows an
exponential distribution, which means that the probability of
having N pulses in T seconds with λ mean arrivals per
second follows a Poisson distribution. In GNSS-R, the data
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Fig. 9: SNR degradation in the presence of a single DME
pulse in the coherent integration time.
is correlated during Tc = 1 ms and then incoherently averaged
in (1). The resulting Probability Density Function (PDF) of
the time between arrivals is computed as the modulo Tc of
an exponential random variable, and it is a uniform random
variable.
From Fig. 10a, an average of 935 DME pulses per second is
estimated, which represents around 35 planes simultaneously.
This is consistent with the fact that not even the busiest airports
reach the DME stations capabilities (100 planes simultane-
ously). As a consequence of being a Poisson random variable,
the traffic arriving from K transponders with λ1, λ2, ..., λK ar-
rival rates, also follows a Poisson distribution with λ =
∑
λk.
III. APPLICATION TO GNSS-R FROM A LEO ORBIT
In order to estimate the impact of these signals in upcoming
iGNSS-R instruments in LEO orbit, the Signal to Interference-
plus-Noise Ratio (SINR) will be computed. The SNIR is useful
to estimate the impact for long incoherent averaging times.
In this situation, the pulses are smoothed while averaging,
resulting in an increase of the noise floor. First, the visibility
and received power from all possible DME stations to an
hypothetical receiver at 400 km height on-board the ISS [13]
must be estimated. It will be computed for latitudes between
±52◦, the maximum ones that reach the ISS.
(a)
(b)
Fig. 10: (a) Sample of the captured data from the Barcelona
Airport, and (b) PDF of the measured time between arrivals
and theoretical exponential PDF with λ = 935.
First, the visibility of the receiver towards the stations, the
arrival angle of the interference, and its expected Equivalent
Isotropic Radiated Power (EIRP) has been computed. To do
so, the Earth has been modeled using the WGS-84 ellipsoid
with standard atmospheric refraction [20]. DME stations out of
the Line-of-Sight (LoS) affect due to diffraction effects [21].
It has been considered free space transmission. The trans-
mitted power for all DME stations in [14] has been considered
1 kW for DME stations and 3.5 kW for TACAN stations [22].
A commercial radiation pattern has been considered for the
DME stations [23]. The radiation pattern is omnidirectional in
azimuth with a directivity of 9.5 dBi, has its main beam point-
ing at 4◦ elevation, and transmitting at vertical polarization.
Then, the expected received power at the system has been
calculated. To do so, the arrays proposed for the GNSS
reflectometer of the GEROS-ISS experiment [13] are used (see
Fig. 11) for the simulation. These arrays have 31 elements with
a separation between elements of 0.93λL1 and a directivity of
22 dBi [24]. The radiation pattern of each radiating element
has been approximated as:
D(θ) = Dmax − 12 · ( θ
θ−3dB
)2 [dB] (11)
7where θ is the antenna off-boresight angle, Dmax is the
maximum directivity (8.4 dBi), and θ−3dB is the antenna
beamwidth at -3 dB (75◦). This model is a good approximation
for the frontside of the antenna only. Since the reflectometer
uses uses circular polarization, there are 3 dB of polarization
losses in receiving the vertical polarized DME signals.
Fig. 11: Array used for the interference power simulation [24].
In order to compute the expected received power before
correlation in any possible position of the receiver (latitudes
in the range of ±52◦, and longitudes in the range of ±180◦,
both in steps of 1◦), the arrays have been pointed to elevations
from 90◦ to 50◦ in steps of 2.5◦, and all azimuths in steps of
5◦. Then, the coefficients in (3) and (4) have been estimated.
The “delayed cross-correlation” has been considered. The
DME and GNSS correlation peaks are assumed to be uni-
formly distributed in the delay axis. DME signals from differ-
ent stations are received with uniformly distributed Doppler
frequency in the ± 28 kHz range, while GNSS peaks are
uniformly distributed with random Doppler frequency in the
±40 kHz range. The Doppler frequency of the direct and the
reflected signals from the same DME station are the same,
and they change at a rate smaller than 1 Hz/ms [17]. In these
conditions, the Υ(ν) function from (6) has been approximated
empirically by:
Υ(ν) = −2− |ν|
40 kHz
[dB] . (12)
In order to estimate the average number of pulses per ms
in (6) and (7), it has been considered that the air traffic
follows the density of DME stations. Areas with higher traffic,
such as North America, Europe, and the East coast of China,
have more density of DME transponders. As consequence,
the traffic has been distributed uniformly between all DME
stations, and has been quantified in 13,000 aircraft flying si-
multaneously3. This means an average of 3.17 planes per DME
3Several websites provide in real time the position of all the planes in
the world that use the Automatic Dependent Surveillance-Broadcast (ADS-B)
system. However, not all commercial flights use this system. These websites
show a peak of 15,000 planes during daylight in Europe and United States.
station. This consideration is not realistic for on-route areas
between continents, such as Azores, Hawaii islands, Canary
Islands, Japan, South-East Asia, Qatar, or the Caribbean Sea.
As mentioned above, aircraft send an average of 27 PPS,
but DME transceivers implement a 60 µs dead time after
transmitting a pair of pulses to avoid retransmitting echos
which causes the loss of some pulses [25]. Consequently, only
an average of 26 PPS are retransmitted. In summary, each
transponder sends an average of 82.52 PPS, with a mean time
between arrivals of 12.12 ms.
In order to compute the useful term Ydr from (3) and (4),
it has been considered that the expected power for the GPS
direct signal is -157 dBW plus the antenna gain (22 dB), and
the expected power for GPS reflected signal is 25 dB below
[11]. The expected power for the Galileo direct signal is -155
dBW plus the antenna gain (22 dB), and similarly the Galileo
reflected signal is expected to be 25 dB below. To determine
the noise power, the system has a bandwidth of 20.46 MHz
for L5, and 51.15 MHz for E5.
Finally, the SINR is computed for all pointing directions.
For cGNSS-R it is computed as:
SINRc =
〈|Ycr|2〉
〈|Ycir + Ycnr |2〉
, (13)
and for iGNSS-R as:
(14)SINRi
=
〈|Ydr|2〉
〈|Ydir + Ydnr + Yidr + Yidir + Yidnr + Yndr + Yndir + Yndnr |2〉
.
In absence of interferences, the SINR becomes the SNR.
For the assumed power levels, the top-boundaries of the SNR
in cGNSS-R is 14 dB for L5, and 16 dB for E5. In the case
of iGNSS-R, the boundaries are 8.4 dB for L5, and 8.9 dB
for E5.
Besides, the degradation of the SINR caused by the inter-
ference terms for the conventional technique is computed as:
∆SINRc =
〈|Yci + Ycn|2〉
〈|Ycn|2〉
, (15)
and for the interferometric one as:
(16)∆SINRi
=
〈|Ydir + Yidr + Yidir + Yidnr + Yndir + Ydnr + Yndr + Yndnr |2〉
〈|Ydnr + Yndr + Yndnr |2〉
.
Last, to determine which are the most relevant terms in
the degradation, each interfering term is compared to the total
contribution from RFI as:
∆I =
〈|Ydir + Yidr + Yidir + Yidnr + Yndir |2〉
〈|Ys1s2 |2〉
, (17)
where Ys1s2 is the term to be studied. As higher and closer to
0, the more relevance will have the term.
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Fig. 12: Maximum expected SINR degradation for cGNSS-R
in (a) L5 (maximum: 2.45 dB), and (b) E5 (maximum: 1.7
dB).
IV. DISCUSSION OF RESULTS
Figures 12a and 12b show the maximum expected degra-
dation in conventional GNSS-R for L5 and E5, respectively.
Figures 13a and 13b show the maximum expected degradation
in interferometric GNSS-R for L5 and E5, respectively.
As expected, the highest degradation happens over the most
populated areas in terms of DME stations: North America,
Europe and the East coast of China. In the case of North
America, the degradation could affect even far from the coast.
The maximum degradation in cGNSS-R is 2.45 dB for L5
(SNR = 14 dB), and 1.7 dB for E5 (SNR = 16 dB). For
iGNSS-R, the maximum degradation is 2.77 dB for L5 (SNR
= 8.4 dB), and 1.26 dB for E5 (SNR = 8.9 dB). These values
can be used to study the impact on ocean altimetry using the
equation (12) from [11]:
(18)
σh =
cPZ,S
2 sin θelev,SPPZ,S
′ ·
1√
Ninc
·
√(
1 +
1
SNR
)2
+
(
1
SNR
)2
where c is the speed of light, PZ,S is the total received power
waveform, PZ,S
′
is the first derivative of the former, θelev,SP
is the local elevation angle at the specular point, and Ninc is
the number of incoherent averages. The relative degradation
(a)
(b)
Fig. 13: Maximum expected SINR degradation for iGNSS-R
in (a) L5 (maximum: 2.77 dB), and (b) E5 (maximum: 1.26
dB).
of the height precision caused by a degradation of the SINR
can be computed as:
∆σh =
σh (SINR)
σh (SNR)
(19)
Figure 14 shows the the Cumulative Distribution Function
(CDF) of the relative degradation for the worst pointing case.
It can be seen that the conventional technique is more robust
against interferences than the conventional one, and L5 is
more sensitive to RFI than E5. Despite this, even in the worst
pointing case, the precision height degradation will be lower
than 4% with a probability higher than 90%. However, these
results are extremely dependent on the antenna directivity
which drives the SNR. Therefore, a lower directivity antenna
will be more prone to suffer from RFI than a highly one.
Finally, table II presents which are the most dominant terms
in the degradation for L5 and E5 for worst pointing cases.
The most powerful terms result from the interference coming
from the down-looking antenna, where it is received with more
power. In both cases, the largest contribution is due to the
noise in the up-looking antenna and the interference in the
down-looking one.
V. CONCLUSIONS AND FUTURE WORK
This work has studied the DME/TACAN signals and how do
they affect conventional and interferometric GNSS-R. Then,
a methodology to simulate scenarios to study the potential
degradation of a L5/E5 reflectometer has been presented,
and the geographic areas more prone to disturb the system
9Fig. 14: CDF of the relative degradation of the height precision
in sea altimetry in the worst pointing case.
TABLE II: Mean degradation in iGNSS-R caused by each
interference cross-correlation term in L5 and E5, in the worst
and best pointing cases.
Ydir Yidr Yidir Yidnr Yndir
L5 -7.6 dB -55.9 dB -34.4 dB -23.6 dB -0.85 dB
E5 -6.07 dB -54.2 dB -29.5 dB -24.1 dB -1.3 dB
analyzed. In particular, a GEROS-ISS like GNSS-R instrument
has been simulated at LEO. The results show that for a 22
dBi directivity antenna a degradation of the height precision
smaller than 4% can be expected 90% of the time . Even with
such a small degradation, an iGNSS-R instrument should have
a RFI mitigation system included such a pulse blanking one
[24]. This work has studied one particular kind of signal that
shares the L5/E5 band, but other kind of interferences could
severely degrade the system performance, such as out-of-band
interferences or jamming as TechDemoSAT-1 has experienced
at L1.
The dominant degradation term of the cross-correlation in
iGNSS-R is the resulting of cross-correlating the captured
DME/TACAN signals in the down-looking antenna against the
noise in the up-looking antenna (iGNSS-R), and not the cross-
correlation of the interferences in both antennas as it could be
expected a priori.
The impact on airborne instruments is not he object of this
study, but it can be anticipated that it is even worst. First,
because DME/TACAN signals are received much stronger.
Second, because in the spaceborne case, the “delayed cross-
correlation” spreads the energy of the DME-DME cross-term
along the delay axis, while in ground-based and airborne
systems, all the energy is concentrated at the origin of the
DDM plane. Besides, as in the spaceborne case, the cross-
correlation of interferences and noise dramatically increases
the noise floor.
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